Phosphatidylethanolamine (PE) is the most abundant inner membrane phospholipid. PE synthesis from ethanolamine and diacylglycerol is regulated primarily by CTP:phosphoethanolamine cytidylyltransferase (Pcyt2). Pcyt2 ؉/؊ mice have reduced PE synthesis and, as a consequence, perturbed glucose and fatty acid metabolism, which gradually leads to the development of hyperlipidemia, obesity, and insulin resistance. Glucose and fatty acid uptake and the corresponding transporters Glut4 and Cd36 are similarly impaired in male and female Pcyt2 ؉/؊ hearts. These mice also have similarly reduced phosphatidylinositol 3-kinase (PI3K)/Akt1 signaling and increased reactive oxygen species (ROS) production in the heart. However, only Pcyt2 ؉/؊ males develop hypertension and cardiac hypertrophy. Pcyt2 ؉/؊ males have upregulated heart AceI expression, heart phospholipids enriched in arachidonic acid and other n-6 polyunsaturated fatty acids, and dramatically increased ROS production in the aorta. In contrast, Pcyt2 ؉/؊ females have unmodified heart phospholipids but have reduced heart triglyceride levels and altered expression of the structural genes Acta (low) and Myh7 (high). These changes together protect Pcyt2 ؉/؊ females from cardiac dysfunction under conditions of reduced glucose and fatty acid uptake and heart insulin resistance. Our data identify Pcyt2 and membrane PE biogenesis as important determinants of gender-specific differences in cardiac lipids and heart function. M. 2015. Male-specific cardiac dysfunction in CTP:phosphoethanolamine cytidylyltransferase (Pcyt2)-deficient mice.
T he mammalian heart requires an enormous amount of energy to perform (1) . The heart can use various sources of energy (2) , but in a normal adult heart, lipids are the main source, and they account for ϳ70 to 80% of the total energy requirements (3) . Phosphatidylethanolamine (PE) is the most important phospholipid and is located in the inner leaflet of cellular membranes. PE has many biological functions, including in membrane integrity, cell division, cytokinesis, autophagy, apoptosis, and blood coagulation, as reviewed by Bakovic et al. (4) . The de novo synthesis of PE occurs through the ethanolamine Kennedy pathway. In this pathway, ethanolamine is phosphorylated by ethanolamine kinase to produce phosphoethanolamine. The CTP:phosphoethanolamine cytidylyltransferase (Pcyt2) then converts phosphoethanolamine to CDP-ethanolamine. Finally, CDP-ethanolamine:1,2diacylglycerol phosphotransferase catalyzes the production of PE from CDP-ethanolamine and diacylglycerol (DAG). CDP-ethanolamine is also alternatively coupled with alkylacylglycerols derived in peroxisomes, to produce plasmanyl-PE, which is further modified in mitochondria to the final vinyl-ether (plasmalogen) PE. Various isoforms of kinases and phosphotransferases share substrates for the choline and ethanolamine branches of the Kennedy pathway; however, Pcyt2 is a product of a single gene (5) and therefore is highly specific for the ethanolamine branch of the pathway. The Pcyt2 gene has been cloned and characterized in human (5) , Saccharomyces cerevisiae (6) , rat (7) , and mouse (5, 8) .
The total deletion of Pcyt2 in mouse (9) or Arabidopsis (10) causes embryonic lethality. Heterozygous (Pcyt2 ϩ/Ϫ ) mice, despite the reduced flux through the Kennedy pathway, are able to maintain normal PE levels by reducing PE turnover (11) . Decreased PE synthesis in Pcyt2 ϩ/Ϫ mice increases the availability of unused DAG, which in turn esterifies with free fatty acids (FAs) into triacylglyceride (TAG), causing the development of obesity, hypertriglyceridemia, and insulin resistance. A liver-specific Pcyt2 knockout (12) further affirms the DAG hypothesis for TAG accu-mulation and disease development, when PE synthesis by the Kennedy pathway becomes reduced. Important to this study, there is a strong relationship between increased TAG levels and cardiomyopathy (13) ; however, there are no in vivo mammalian models available that relate membrane phospholipid deregulation with cardiac dysfunction. Several studies indicate that this is crucial, as reduced PE synthesis can impair cardiac function in mutant fruit flies (Drosophila melanogaster) when three separate genes in the PE Kennedy pathway are affected (14, 15) . A Drosophila ethanolamine kinase (eas) mutant had reduced PE synthesis, accumulated heart lipids, and developed multiple heart pathologies, including tachycardia, diastolic dysfunction, atrial fibrillation, and cardiac arrest under stress (14) . Similarly to Pcyt2-deficient mice (11, 12) , the eas mutants made TAG from excess DAG not used in PE synthesis and FAs produced by increased lipogenesis. The silencing of two other Drosophila genes, the Pcyt2 (pect) and choline/ethanolamine phosphotransferase (cept) genes, produces similar heart pathologies, strongly affirming the importance of PE and the Kennedy pathway for heart function (15) .
In this study, we investigate cardiac function and pathophysi-mode short-axis-view images were taken at the level of the papillary muscles to determine the left ventricle (LV) internal diameter at diastole (LVIDd), LV external diameter at systole (LVEDs), LV anterior wall thickness (AWT), LV posterior wall thickness (PWT), percent fractional shortening (FS) [calculated as (LVIDd Ϫ LVIDs)/LVIDd ϫ 100], percent ejection fraction (EF), and heart rate (HR). At least 3 different images were analyzed for each mouse heart, with 6 mice per group. Body temperature was monitored and maintained at 37°C throughout the experiment. Values for in vivo hemodynamic parameters were also obtained in a blind manner. Animals (n ϭ 6 mice/group) were anesthetized with and maintained at 2% isoflurane (mixed with 99% oxygen), intubated (22gauge 1.00-in. catheter), and ventilated (model 687; Harvard Apparatus, St. Laurent, QC, Canada), and body temperature was maintained at 37°C throughout the experiment. The right common carotid artery was exposed and cannulated with a 1F (0.33-mm) microtip catheter (Millar, Houston, TX), which was advanced through the ascending aorta into the LV for measurements. Data were acquired by using Powerlab and Lab Chart 7 (AD Instruments, Colorado Springs, CO) and analyzed for systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial blood pressure (MAP), LV end systolic pressure (LVESP), LV end diastolic pressure (LVEDP), LV developed pressure (LVDP), and the maximum and minimum first derivatives of LV pressure (dP/dt max and dP/dt min, respectively).
Cardiomyocyte cross-sectional area and fibrosis. Hearts were arrested in diastole with 1 M KCl, fixed in 10% neutral buffered formalin for 24 h, processed, and paraffin embedded. Next, 5-m sections were stained with H&E. Images were taken by using a Q-Capture instrument (QImaging, Surrey, BC) at a ϫ200 magnification and analyzed by using ImageJ software. Total field size was measured, and the cardiomyocyte cross-sectional area was determined for at least 50 myocytes per heart.
Gene expression analyses. RNA extraction and first-strand cDNA synthesis were performed as described previously (11) . Genes of interest were analyzed in the exponential phase of PCR amplification, using the optimal amount of cDNA and the reaction cycle number. Each gene level is expressed relative to the internal Gapdh control. The genes tested include cardiac tissue-specific genes (Myh6, Myh7, Acta, and Nppa), lipolysis genes (Atgl, Hsl, and Lpl), genes for fatty acid transport and oxidation (Cd36 and Ppar␣), the mitochondrial biogenesis gene Pgc1␣, and the lipogenic stearoyl coenzyme A (stearoyl-CoA) desaturase gene Scd1. Also included were the gene for the membrane G protein (estrogen) receptor (Gpr30), the mitochondrial lactate/glutamate transporter gene (Mct1), and the angiotensin-converting enzyme gene (Ace). The experiments were performed by using heart samples collected from young (3-monthold) and adult (8-month-old) Pcyt2 ϩ/Ϫ and Pcyt2 ϩ/ϩ male and female mice (n ϭ 6 mice/group). ImageJ 1.46 software was used to quantify band density, and gene levels are expressed as fold changes relative to the controls. The primers used are listed in Table S4 in the supplemental material.
Quantitative real-time PCR. RNA was isolated from the heart, kidney, and liver tissues of male and female adult (8-month-old) Pcyt2 ϩ/Ϫ and wild-type mice (n ϭ 3/group) with TRIzol (Invitrogen) and assessed for high quality (RNA/protein absorbance ratio [260 nm/280 nm] Ͼ 2.0) by using a NanoDrop ND1000 instrument (Thermo-Scientific). The angiotensin-converting enzyme 1, angiotensin-converting enzyme 2, renin, and angiotensinogen genes were amplified from 200 ng of RNA, using primers (30 M), the Power SYBR green RNA-to-CT 1-Step kit (Applied Biosystems), and RNA/DNA-free H 2 O (Invitrogen) on a Viia7 real-time PCR (RT-PCR) machine (Applied Biosystems). The temperature cycles were as follows: reverse transcription for 30 min at 48°C followed by 10 min at 95°C and then an amplification step (15 s at 95°C and 1 min at 60°C) for 40 cycles. Data were normalized to histone gene values and analyzed by using the ⌬⌬C T method (19) . The primers used are listed in Table S4 in the supplemental material.
Immunoblotting. Frozen heart samples (n ϭ 6/group) were homogenized in cold lysis buffer (10 mM HEPES, 10 mM KCl, 1.5 mM MgCl 2 containing protease [1/10] and phosphatase [1/100] inhibitor cocktails [Sigma] , and NP-40). The lysate was centrifuged at 2,000 ϫ g for 20 min at 4°C to remove cell debris. Proteins (25 g) were separated by 10% SDS-PAGE and transferred onto polyvinylidene difluoride membranes. Ponceau S stain was used to ensure proper protein transfer and loading. Membranes were blocked with 5% milk in a solution containing 20 mM Tris-HCl (pH 7.5), 500 mM NaCl, and 0.05% Tween 20 (TBS-T) for 1 h at room temperature, followed by a brief wash in TBS-T. Membranes were incubated with primary antibody to AMPK␣ (Cell Signaling), phosphorylated AMPK (pAMPK␣) (Cell Signaling), Akt1/2 (Upstate), pS 473 -Akt, pT 308 -Akt (Upstate), or phosphatidylinositol 3-kinase (PI3K) (Cell Signaling) at a 1:1,000 dilution in TBS-T at 4°C overnight. Membranes were washed 4 times for 15 min in TBS-T, incubated with the secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody (1:10,000) for 1 h at room temperature, and then washed four times for 15 min each in TBS-T. Bands were visualized by using enhanced chemiluminescence (Amersham). The ␤-tubulin control was detected with anti-␤-tubulin antibody (Biovision Inc.) at a dilution of 1:10,000 (1% bovine serum albumin [BSA] in TBS-T).
For Glut4, Fat/Cd36, Fabp4, and caveolin 1 (Cav1), whole-heart homogenates (5 g) were separated by SDS-PAGE, transferred onto a polyvinylidene difluoride membrane, and incubated in a 7.5% BSA blocking solution. Thereafter, primary antibodies for Fat/Cd36 and Fabp4 (Santa Cruz), Cav1 (BD Biosciences), Glut4 (Chemicon), and ␣-tubulin (Abcam) and the corresponding secondary IgG antibody, as specified by the supplier, were used. Membrane proteins were detected by enhanced chemiluminescence (ChemiGenius2 bioimaging system; SynGene, Cambridge, United Kingdom), and Ponceau S staining was used to verify equal loading. Relative band densities were used for quantification of proteins in Pcyt2 ϩ/Ϫ versus Pcyt2 ϩ/ϩ hearts (n ϭ 4 per group).
Quantification of heart lipids. Lipid analysis of Pcyt2 ϩ/Ϫ and Pcyt2 ϩ/ϩ male and female hearts was performed two times on 4 mice per group by "shotgun" lipidomics, as described previously (20) . The lipids were extracted according to the method of Bligh and Dyer (21) , and analysis was performed by direct infusion of the lipid extract into an ABSciex Qtrap5500 instrument in both the positive and negative electrospray ionization (ESI) modes. Samples were infused at a constant rate of 5 l/min and added into the solvent at a flow rate of 100 l per min. Data were acquired by precursor-ion and neutral-loss scans. Data analyses were performed with LipdView software (ABSciex). Results are based on the peak area of each lipid species and expressed as the percentage of each species in the total lipid species identified. The total cardiac TAG content was measured with a Wako L-type TAG assay kit, in accordance with the manufacturer's specifications.
2-Bromopalmitate and 2-deoxyglucose uptake by cardiac tissue. After 12 h of fasting, mice (n ϭ 6 per group) were injected retroorbitally with 5 Ci 2-deoxy[ 14 C]glucose and 1.5 Ci BSA-complexed 2-bromo-[ 3 H]palmitate (22) . Blood was drawn after 5 min of injection, 10 l of serum was isolated, and the radioactivity was determined by liquid scintillation counting immediately. One hour after injection, the hearts were harvested and homogenized in 250 l of PBS. The radioactivity of total heart homogenates was determined and normalized to the radioactivity present in 5 l of serum collected 5 min after injection.
Lipid peroxidation. Hearts and aortas were isolated after 12 h of fasting (n ϭ 6), and the TBARS assay kit (Caymen) was used to measure malondialdehyde (MDA) derived from polyunsaturated fatty acid (PUFA) peroxidation. Samples were processed according to the instruction manual provided with the kit, and the amount of MDA was quantified colorimetrically at 532 nm.
Hormone analyses. Eight-month-old mice (n ϭ 12) of both genders were sacrificed 4 h into the light period, and blood samples were collected by cardiac puncture into 2-ml microcentrifuge tubes. Serum was separated by centrifugation for 10 min at 5,000 ϫ g and snap-frozen in liquid nitrogen. Samples were sent to the University of Tennessee for steroid hormone quantification using radioimmunoassays (RIAs). Cortisol and testosterone levels were determined with a Coat-a-Count kit (Siemens Medical Solution Diagnostics, Los Angeles, CA), and androstenedione, estradiol, and 17-OH-progesterone levels were determined with an ImmunChem Double Antibody kit (MP Biomedicals, Solon, OH).
Blood biochemistry. Blood was collected after 12 h of fasting (n ϭ 8). Serum was separated immediately and sent to the Animal Health Laboratory (University of Guelph) for biochemical analyses of kidney and liver function.
Microarrays and bioinformatics analysis. Total liver RNA was isolated from 3-month-old Pcyt2 ϩ/Ϫ males (n ϭ 6) and wild-type littermates (n ϭ 6) and analyzed on Affymetrix Mouse Gene 1.1 ST arrays (whole transcriptome). RNA quality and integrity were confirmed by using the Agilent BioAnalyzer. Principal component analysis (PCA) and variance component analysis (VCA) were performed for 6 array data sets. A volcano plot was used to estimate global variations in gene expression at a P value of Ͻ0.05. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed by using FunNet.
Statistical analyses. Data are expressed as means Ϯ standard errors of the means (SEM). Statistical significance (Pcyt2 ϩ/Ϫ mice relative to Pcyt2 ϩ/ϩ littermate controls) was determined by one-and two-tailed Student t tests using GraphPad Prism 4 software. For echocardiography and hemodynamic measurements, analysis of variance (ANOVA) followed by Tukey's post hoc test was performed. Densitometry analyses were done by using ImageJ 1.46 software. Data from at least 6 independent measurements for each group were used for statistical analysis.
Microarray data accession number. The microarray data were submitted to the GEO database under accession number GSE55617.
RESULTS
Multiple-organ dysfunction in adult Pcyt2 ؉/؊ mice. Reduced PE synthesis in Pcyt2 ϩ/Ϫ mice causes hyperlipidemia, insulin resistance, and, as a result, TAG accumulation in the liver and adipocytes, as anticipated (11) . Figure 1A shows that compared to wild-type mice, 8-month-old Pcyt2 ϩ/Ϫ mice had an increased amount of lipid droplets and a reduced number of mitochondria in the liver. The reduced number of mitochondria was accompanied by increased autophagy, as evidenced by the increased population of autophagosomes (specific two-membrane organelles) in Pcyt2 ϩ/Ϫ liver. Liver steatosis in Pcyt2 ϩ/Ϫ mice was also visible by H&E staining (Fig. 1B) , and it was accompanied by collagen accumulation (liver fibrosis) ( Fig. 1C ), which are well-known characteristics of nonalcoholic fatty liver disease. Staining of pancreatic islets for somatostatin and pancreatic polypeptide further demonstrated islet hypertrophy in Pcyt2 ϩ/Ϫ mice in comparison to littermate controls ( Fig. 1D ), in agreement with previously established hyperinsulinemia in older Pcyt2 ϩ/Ϫ mice (11) . Surprisingly, only older male Pcyt2 ϩ/Ϫ mice had an enlarged heart compared to those of the controls (Fig. 1E ), but the Pcyt2 ϩ/Ϫ females of the same age had unchanged heart size compared to those of the littermate controls. The heart size was further confirmed by a thorough measurement of the heart weight and heart weight relative to body weight (HW/BW), and a significantly (P Ͻ 0.0001) increased weight was observed only for the older Pcyt2 ϩ/Ϫ males but not the older Pcyt2 ϩ/Ϫ females ( Table  1 ). Increased heart size was not observed for young Pcyt2 ϩ/Ϫ mice of any gender.
Pcyt2 ؉/؊ males exclusively develop cardiac hypertrophy and hypertension. We first documented significant cardiac dysfunction in 8-month-old Pcyt2 ϩ/Ϫ males versus littermate controls by echocardiography. Table 1 shows that male Pcyt2 ϩ/Ϫ mice exhibited cardiac hypertrophy with increased (P Ͻ 0.001) left ventricle (LV) internal systolic diameter (LVIDs) (3.18 Ϯ 0.11 mm versus 2.41 Ϯ 0.05 mm) and increased (P Ͻ 0.0001) LV internal diastolic diameter (LVIDd) (4.68 Ϯ 0.08 mm versus 4.14 Ϯ 0.06 mm), accompanied by decreased (P Ͻ 0.0001) fractional shortening (FS) (32.13% Ϯ 1.19% versus 41.39% Ϯ 0.79%) and a decreased (P Ͻ 0.0001) ejection fraction (EF) (66.77% Ϯ 1.73% versus 78.44% Ϯ 0.87%). These male Pcyt2 ϩ/Ϫ mice also exhibited profound hypertension compared to male littermate controls, as determined by in vivo catheterization and hemodynamics ( We then excluded the possibility that the cardiac phenotype in aging male Pcyt2 ϩ/Ϫ mice was congenital in nature rather than being due to reduced PE synthesis and consequential changes in membrane and FA metabolism. Young Pcyt2 ϩ/Ϫ mice at 3 months of age appeared healthy, with all cardiovascular parameters, including echocardiography and hemodynamic parameters, being similar to those of the control littermates (see Table S1 in the supplemental material). Although this does not exclude congenital cardiac conditions, these conditions were clearly not obvious at a young age. Moreover, this suggests that the hypertension and hypertrophy that develop in male Pcyt2 ϩ/Ϫ mice do so over an extended period of deregulation. Taken together, abnormal PE synthesis appears to act as a pathophysiological stimulus, and heart disease develops over time.
We next demonstrated that the cardiovascular phenotype in aging male Pcyt2 ϩ/Ϫ mice is gender specific. Consistent with this notion, pathophysiology was restricted to male mice, as agematched female Pcyt2 ϩ/Ϫ mice did not develop cardiac hypertrophy or hypertension. As might be expected from the functional data, 8-month-old female Pcyt2 ϩ/Ϫ mice did not exhibit significantly different (P Ͼ 0.05) values for echocardiography (LVIDd, LVIDs, FS, and EF) or hemodynamic (LVESP, LVEDP, LDP, SBP, DBP, and MAP) parameters compared to female littermate control mice (Table 1 ). Furthermore, young female Pcyt2 ϩ/Ϫ mice also showed no evidence of cardiovascular dysfunction (see Table S1 in the supplemental material). Thus, these data establish the presence of profound hypertension with compensatory cardiac hypertrophy that appears to specifically develop in older male Pcyt2 ϩ/Ϫ mice.
Increased cardiomyocyte size in Pcyt2 ؉/؊ male hearts. The functional pathologies in older male Pcyt2 ϩ/Ϫ hearts were associated with increased cardiomyocyte size, as shown in Fig. 2A and B. Cardiomyocyte hypertrophy (P Ͻ 0.05) was detected in 8-month-old Pcyt2 ϩ/Ϫ males compared to the littermate controls (284.13 Ϯ 12.08 m 2 versus 228.57 Ϯ 9.37 m 2 ). As expected, there was no myocyte hypertrophy in young Pcyt2 ϩ/Ϫ male hearts compared to the littermate controls (178.73 Ϯ 8.36 m 2 versus 169 Ϯ 11.75 m 2 ) ( Fig. 2C and D) . There was also no difference in cardiomyocyte sizes in young and old Pcyt2 ϩ/Ϫ female mice.
Gender-specific regulation of gene expression in Pcyt2 ؉/؊ heart. We next examined the gender-related variations in cardiac Fig. 3A , the genes responsible for FA supply from circulating lipoproteins, the FA transporter gene Cd36 and the lipoprotein lipase gene Lpl, are specifically upregulated in male Pcyt2 ϩ/Ϫ heart. In contrast, genes encoding the TAG-and FA-degrading hormone-sensitive lipase (Hsl), adipose triglyceride lipase (Atgl), and peroxisome proliferator-activated receptor alpha (Ppar␣) were not significantly modified, and as expected, the peripheral G protein (estrogen) receptor gene Gpr30 was not detected in hearts of any group of males (Fig. 3A) . The expression of genes encoding the structural proteins ␣-actin (Acta), myosin heavy chain 6 (Myh6), and myosin heavy chain 7 (Myh7) was also unaltered in Pcyt2 ϩ/Ϫ male heart. The level of the natriuretic peptide type A gene Nppa was significantly reduced in the Pcyt2 ϩ/Ϫ male heart (Fig. 3A) . Altogether, Lpl and Cd36 levels were 27% to 30% higher (P Ͻ 0.05) ( Fig. 3C and D) , while the Nppa level was 30% lower (P Ͻ 0.05) ( Fig. 3E ), in Pcyt2 ϩ/Ϫ male hearts than in Pcyt2 ϩ/ϩ male hearts. In Pcyt2 ϩ/Ϫ female hearts, the levels of Cd36, Acta, and Myh7 mRNAs were significantly altered (Fig. 3B ). Cd36 and Acta levels were reduced 60% and 55%, respectively (P Ͻ 0.05) ( Fig. 3F and  G) , while the Myh7 level was 70% higher (P Ͻ 0.05) ( Fig. 3H ), in Pcyt2 ϩ/Ϫ female hearts than in Pcyt2 ϩ/ϩ female hearts. The expression levels of Nppa, Atgl, Hsl, Lpl, Para␣, and Grp30 were unchanged in Pcyt2 ϩ/Ϫ female hearts. Taken together, the data in Fig. 3 demonstrate significantly altered expression levels of genes for FA supply and heart remodeling in 8-month-old Pcyt2 ϩ/Ϫ mice. Gene expression patterns are gender specific, underlying the cardiac dysfunction that develops only in Pcyt2 ϩ/Ϫ males and the cardiac protection in Pcyt2 ϩ/Ϫ females, even though both genders develop chronic obesity, hyperlipidemia, and insulin resistance (11) .
Next, we examined the expression of genes that can be directly linked to Pcyt2 ϩ/Ϫ energy metabolism. We investigated the genes for tricarboxylic acid (TCA) cycle activity and mitochondrial biogenesis (monocarboxylate [lactate/glutamate] transporter 1 [Mct1] and peroxisome proliferator-activated receptor gamma coactivator 1 alpha [Pgc1␣]) and FA synthesis (stearoyl-CoA desaturase 1 [Scd1]) ( Fig. 4) . As shown in Fig. 4A and B , Mct1 was 56% upregulated in Pcyt2 ϩ/Ϫ male hearts and 20% upregulated in female Pcyt2 ϩ/Ϫ hearts relative to the levels in the male and female controls. When Pcyt2 ϩ/Ϫ male and female hearts were compared, female Pcyt2 ϩ/Ϫ hearts still had 33% higher Mct1 expression levels (P Ͻ 0.05). Interestingly, the basal Ace expression level was 73% (P Ͻ 0.05) higher in male hearts than in female hearts ( Fig. 4A and  C) . Pcyt2 ϩ/Ϫ male hearts also had an additional 11% upregulation of Ace in comparison to the basal levels. At the basal level, Pgc1␣ was 19% upregulated in female hearts in comparison to male hearts, and a similar difference was maintained in Pcyt2 ϩ/Ϫ female and male hearts (16% increase; P Ͻ 0.05) ( Fig. 4A and D) . The modest but significant upregulation of Pgc1␣ is consistent with the notion that mitochondrial biogenesis is unaltered in Pcyt2deficient hearts of both genders. Scd1 expression was unaltered in Pcyt2 ϩ/Ϫ male hearts and was strongly upregulated (88%) in Pcyt2 ϩ/Ϫ female hearts ( Fig. 4A and E) . Altogether, the data in Fig.  4 suggest gender-specific alterations of substrate supply (lactate/ glutamate transporter [Mct1] and monounsaturated fatty acid synthesis [Scd1]) and renin-angiotensin system (RAAS) (AceI) genes in Pcyt2 ϩ/Ϫ hearts.
The cardiac insulin signaling pathway is impaired in Pcyt2 ؉/؊ mice of both genders. We next tested if insulin signaling contributes to cardiac dysfunction in 8-month-old Pcyt2 ϩ/Ϫ males. There was a dramatic decrease in the PI3K protein level in both male and female Pcyt2 ϩ/Ϫ hearts relative to Pcyt2 ϩ/ϩ control hearts. In addition, Akt1 activation by phosphorylation (pAkt1/ Akt1 ratio) was reduced 38 to 40% (P Ͻ 0.05) (Fig. 5A) , and the amount of the glucose transporter Glut4 was similarly decreased by 30% (P Ͻ 0.05) in both male and female Pcyt2 ϩ/Ϫ hearts (Fig.  5B ). Therefore, in agreement with previously established systemic insulin resistance (11), heart insulin signaling and glucose transport are impaired in Pcyt2 ϩ/Ϫ mice of both genders. Reduced heart PI3K and pAkt1/Akt levels were also observed in 3-monthold Pcyt2 ϩ/Ϫ mice of both genders (see Fig. S1 in the supplemental material). Similarly to Glut4, the Fat/Cd36 protein level was reduced by 36 to 41% in Pcyt2 ϩ/Ϫ male and female hearts (Fig. 5B) . The levels of Fabpm, another protein important for cardiac FA uptake, and the membrane-specific protein caveolin 1 (Cav1), were not significantly different between Pcyt2 ϩ/Ϫ and Pcyt2 ϩ/ϩ hearts (Fig. 5B) .
To relate the levels of Glut4 and Fat/Cd36 transport proteins with the heart's capacity for substrate uptake, we measured the uptake of the respective nondegradable substrates [ 3 H]deoxyglucose and [ 14 C]bromopalmitate in male and female Pcyt2 ϩ/Ϫ and Pcyt2 ϩ/ϩ hearts (Fig. 5C ). In accordance with the reduced Glut4 levels, glucose uptake was reduced 47% (P Ͻ 0.01) in Pcyt2 ϩ/Ϫ male hearts and 32% (P Ͻ 0.001) in Pcyt2 ϩ/Ϫ female hearts (Fig.  5C ). In accordance with the reduced Fat/Cd36 levels, the [ 14 C]bromopalmitate uptake in Pcyt2 ϩ/Ϫ male hearts decreased 44.7% (P Ͻ 0.01), and that in Pcyt2 ϩ/Ϫ female hearts decreased 29.7% (P Ͻ 0.01) ( Fig. 5C ). Altogether, these data establish that hearts of Pcyt2 ϩ/Ϫ mice of both genders have impaired insulin signaling and a significantly reduced capacity for exogenous substrate (glucose and fatty acid) uptake, mediated mostly by Glut4 and Fat/Cd36. However, since the impairments are present in Pcyt2 ϩ/Ϫ mice of both genders, they are unrelated to male-specific cardiac dysfunction.
The composition of Pcyt2 ؉/؊ heart lipids is gender dependent. To identify the underlying mechanism(s) responsible for the male-specific cardiac dysfunction, we also tested the gender-related differences in Pcyt2 expression in various tissues. As shown in Fig. 5D , Pcyt2 mRNA levels in the hearts, kidneys, and livers of male and female Pcyt2 ϩ/Ϫ mice did not significantly differ, and therefore, the Pcyt2 expression level cannot be related to the malespecific phenotype. Since deletion of the Pcyt2 gene directly affects membrane phospholipids, we performed a detailed analysis of the heart lipids by shotgun lipidomics. The content and fatty acid composition of the heart phospholipids and triglycerides are shown in Fig. 6A to C. Figure 6A 
shows variations in individual phospholipids (PE, phosphatidylcholine [PC], phosphatidylserine [PS], phosphatidylinositol [PI], and cardiolipin [CL]) in
Pcyt2 ϩ/Ϫ and Pcyt2 ϩ/ϩ male and female hearts. While PS and CL levels did not differ among groups, PE, PC, and PI levels showed a gender-dependent difference. The total PE content was 11.9% (P Ͻ 0.05) higher in Pcyt2 ϩ/Ϫ male hearts and 8.6% (P Ͻ 0.05) lower in Pcyt2 ϩ/Ϫ female hearts (Fig. 6B ). The total PC content was reduced (6.2%; P Ͻ 0.05) in Pcyt2 ϩ/Ϫ male hearts and was unchanged in Pcyt2 ϩ/Ϫ female hearts. The PI content was dramatically increased (47%; P Ͻ 0.05) only in Pcyt2 ϩ/Ϫ male hearts (Fig.  6A) . These changes altered the membrane PC/PE ratio only in Pcyt2 ϩ/Ϫ male hearts, where the ratio was 17.6% (P Ͻ 0.01) reduced relative to that of Pcyt2 ϩ/ϩ male hearts. Pcyt2 ϩ/Ϫ and Pcyt2 ϩ/ϩ female hearts had similar membrane PC/PE ratios (Fig.  6B) , showing that Pcyt2 heterozygosity alters the membranes of only the male heart.
Detailed analyses of the phospholipid fatty acid composition further reveal that wild-type male hearts have a fatty acid composition different from that of wild-type female hearts and that the fatty acid composition is altered by Pcyt2 deficiency only in males (Fig. 6B ). Wild-type Pcyt2 ϩ/ϩ male hearts had the lowest content of palmitic acid (18:0), otherwise the most abundant saturated fatty acid in other groups, and the highest content of linoleic acid (18:2n-6), the essential fatty acid and the precursor of arachidonic acid (20:4n-6) and other n-6 long-chain PUFAs. Wild-type male heart TAG has a reduced content of oleic acid (18:1) and an increased content of stearic acid (16:0), which is also different from all other groups (Fig. 6C) . These data for the first time clearly establish a sexual dimorphism in the phospholipid and TAG fatty acid compositions between male and female hearts that is specifically perturbed in the Pcyt2 ϩ/Ϫ male heart.
Arachidonic acid and n-6 LCPUFAs are enriched in Pcyt2 ؉/؊ male heart phospholipids. Since the altered fatty acid composition is the most critical alteration caused by Pcyt2 deficiency, we also performed a detailed lipidomic analysis of the formation of arachidonic acid by desaturation/elongation of linoleic acid (18: 2n-6). As shown in Fig. 7A and B , there is a clear sexual dimorphism in the heart n-6 elongation/desaturation products in wildtype males versus wild-type female (white bars). The wild-type male heart is enriched in 18:2n-6 and contains ϳ37% (P Ͻ 0.01) more 18:2n-6 than does the wild-type female heart. The wild-type female heart, however, contains a higher proportion of the elongation/desaturation products, including arachidonic acid (20: 4n-6) and other n-6 PUFAs (20:3n-6, 22:3n-6, and 22:4n-6).
Deletion of Pcyt2 causes remodeling of the membrane n-6 PUFAs that is more specific in deficient males ( Fig. 7A and B , black bars). While the 18:2n-6 content in Pcyt2 ϩ/Ϫ males is reduced 55% (P Ͻ 0.001), the levels of most of the elongation/desaturation products (20:3n-6, 20:4n-6, 22:3n-6, and 22:4n-6) are increased and in similar increments of 38 to 56%. On the other hand, the n-6 PUFA content in the female heart is not significantly affected by Pcyt2 deficiency. The Pcyt2 ϩ/Ϫ female heart, however, is enriched in docosahexaenoic acid (DHA) (22:6n-3). The DHA level is elevated in wild-type female hearts compared to wild-type male hearts (20%; P Ͻ 0.01) and is further elevated in Pcyt2-deficient female hearts. The hearts of Pcyt2 ϩ/Ϫ females have 30% (P Ͻ 0.001) more DHA than do the hearts of Pcyt2 ϩ/Ϫ males (Fig. 7B) . Together, these data firmly establish that increased linoleic acid (18:2n-6) desaturation/elongation leading to the accumulation of arachidonic acid and other n-6 PUFAs is specific to Pcyt2-deficient male hearts (which develop cardiomyopathy), while the unmodified n-6 PUFA phospholipids and accumulation of n-3 DHA Finally, in addition to the heart TAG fatty acid composition (Fig. 6C ), total heart TAGs (Fig. 7B ) are also sexually dimorphic, with wild-type females having 44% more TAG than wild-type males. However, the total heart TAG level was decreased 15.6% in Pcyt2 ϩ/Ϫ females relative to that in wild-type females, while in Pcyt2 ϩ/Ϫ males, the TAG level was increased 16% relative to that in wild-type males, additionally showing a gender-dependent variation in TAG turnover and utilization. While females accumulated more TAG, they also used more TAG in Pcyt2 deficiency. On the other hand, male hearts contained less TAG than female hearts and used less TAG in Pcyt2 deficiency.
Lipid peroxidation is increased in the heart and aorta of Pcyt2 ؉/؊ males. Since Pcyt2 ϩ/Ϫ male hearts have increased contents of arachidonic acid and long-chain n-6 PUFAs, we also analyzed malondialdehyde levels (a measure of PUFA peroxidation [reactive oxygen species {ROS}]) in cardiac tissue and aorta (Fig.  7C) . The cardiac tissues of Pcyt2 ϩ/Ϫ mice of both genders had increased ROS production, but cardiac ROS production increased 62% (P Ͻ 0.05) in Pcyt2 ϩ/Ϫ males and 32.8% (P Ͻ 0.01) in Pcyt2 ϩ/Ϫ females in comparison to the same-gender controls. ROS production was dramatically elevated and 2.6-fold higher in the aortas of Pcyt2 ϩ/Ϫ males than in the aortas of wild-type males. Aortas of Pcyt2 ϩ/Ϫ females, on the other hand, had reduced ROS content relative to that of the wild-type females. Therefore, it seems likely that the Pcyt2 deficiency causes a higher level of desaturation of the membrane phospholipids and higher n-6 PUFA levels, which increase oxidative stress in the male heart and vascular system and predispose Pcyt2-deficient males to hypertension and cardiac dysfunction.
AceI is specifically upregulated in Pcyt2 ؉/؊ male hearts. Blood biochemical analyses show that male-specific hypertension cannot be caused by hepatic or renal dysfunction, since Pcyt2 ϩ/Ϫ mice of both genders had normal test results for liver and kidney function (see Table S2 in the supplemental material). To examine if the RAAS (Fig. 7D and E) has a causative role in male-specific hypertension, we tested the heart, liver, and kidney arms of the RAAS. We established that the level of AceI but not that of Ace2 was specifically elevated (2.6-fold increase) in Pcyt2 ϩ/Ϫ male hearts and that liver angiotensinogen (Agt), kidney renin (Ren), and cardiac angiotensin receptor (Agtr1) levels were not significantly different for both genders and genotypes. In agreement with the well-known role of AceI in male hypertension (23, 24) , we conclude that the upregulation of AceI is most critical for malespecific RAAS activity and the development of hypertension.
Pcyt2 ؉/؊ males have a modified hormonal status. We also analyzed the steroid hormone levels in male and female mice in a gender-specific manner (Fig. 8) . The levels of the steroid hormone precursor 17-OH-progesterone and aldosterone were unaltered by Pcyt2 deficiency versus wild-type controls (Fig. 8A and B) . The estrogen levels were modestly elevated in Pcyt2 ϩ/Ϫ females versus control females (Fig. 8C ). Pcyt2 ϩ/Ϫ males, however, had dramatically reduced circulating testosterone and cortisol levels ( Fig. 8D and E). The testosterone level was reduced 3.6-fold (P Ͻ 0.05) ( Fig. 8D ) and the cortisol level was reduced 2.2-fold (P Ͻ 0.05) ( Fig. 8E) in Pcyt2 ϩ/Ϫ males in comparison to control males. No significant changes in serum cortisol levels were detected in female Pcyt2 ϩ/Ϫ mice, and as expected, a low level of testosterone (basal level) was present in all female mice. These data strongly correlate Pcyt2 deficiency and steroid hormone homeostasis with specific cardiac dysfunction in male Pcyt2 ϩ/Ϫ mice.
Young Pcyt2 ؉/؊ males have modified fatty acid metabolism and cholesterol homeostasis. The liver is a very important regulator of cholesterol and steroid hormone homeostasis. To capture early changes that might have occurred in sterol metabolism and to further investigate Pcyt2 deficiency in steroid hormone homeostasis, we performed a genome-wide microarray analysis on liver samples from young, asymptomatic male Pcyt2 ϩ/Ϫ and control mice. The microarray data are shown in Fig. 9 . Quality analysis established a clear separation between groups, indicating that the gene expression profiles for the Pcyt2 ϩ/Ϫ and control groups are distinct (Fig. 9A) . A mixed-model ANOVA with a relaxed P value (␣ ϭ 0.05) was used to prepare a volcano plot and further identify differentially expressed genes (Fig. 9B ). The number of differentially expressed transcripts identified (P Ͻ 0.05) was 1,458 out of 28,996 transcripts, with 536 genes being upregulated and 714 genes being downregulated in Pcyt2 ϩ/Ϫ mice relative to littermate controls. Functional KEGG pathway analyses revealed that 67.9% of the downregulated genes are metabolic pathway genes, while 44.4% of the upregulated genes belong to the steroid biosynthesis pathways (Fig. 9C) .
Among the downregulated metabolic pathway genes, the Ppar␣ signaling and the fatty acid oxidation genes contributed 14.5% and 12.2%, respectively, and in most cases, they were shared genes (Fig. 9C ). This group includes the aldehyde dehydrogenase 3a2 gene Aldh3a2, the carnitine palmitoyl transferase gene Cpt1a, the acyl-CoA dehydrogenase member 11 gene Acad11, the acyl-CoA dehydrogenase C 4 -C 12 straight-chain gene Acadm, the acyl-CoA synthase gene Acsl1, the cytochrome 450 gene Cyp11A1, the fatty acid desaturase 1 gene Fads1, the fatty acid desaturase 2 gene Fads2, and the acyl-CoA oxidase 1 gene Acox1 (Fig. 9D) . Interestingly, based on the lipidomic data in Fig. 7A, 18 :2 desaturation steps catalyzed by Fads1 and Fads2 activities are activated in Pcyt2-deficient male hearts, suggesting that the reduced gene expression is most likely compensatory.
The most upregulated genes are the genes for sex steroid hormone metabolism; however, many cholesterol metabolic genes are downregulated (Fig. 9E ). The upregulated group includes the key regulatory gene in steroid hormone biosynthesis, the 3-beta hydroxyl steroid dehydrogenase gene Hsd3b4, the male-specific testosterone-degrading gene Cyp2c70, and the estrogen-degrading catechol-O-methyltransferase gene Comt1. In fact, these genes are the top upregulated genes in the Pcyt2 ϩ/Ϫ male liver (Fig. 9E ). Conversely, the most downregulated steroidogenic genes are as follows: the hydroxysteroid (17-beta) dehydrogenase 13 gene Hsd17b13; the progesterone receptor membrane component 1 gene Pgrmc1; the C 14 sterol reductase gene that regulates the conversion of lanosterol to cholesterol, Tm7sf2; the testosterone 6-beta hydroxylase gene Cyp3a25; the 3-hydroxy 3-methyl glutaryl coenzyme A synthase cholesterol biosynthesis gene Hmgcs2; the major bile acid synthesis gene encoding cholesterol 7-alpha hydroxylase, Cyp7a1; the testosterone-and xenobiotic-oxidizing gene Cyp2a5; the sterol isomerase/emopamil binding protein gene Ebp; and the squalene epoxidase gene Sqle (Fig. 9E ). Taken together, the results of the steroidogenic gene expression analyses agree with the plasma hormonal data for Pcyt2 ϩ/Ϫ males (Fig. 8) , at least in the case of low testosterone levels, predicting that increased steroid metabolism (not reduced steroidogenesis) contributes to the reduced blood testosterone and, perhaps, cortisol contents.
DISCUSSION
In this study, we used a heterozygous murine model for Pcyt2 that has reduced membrane PE synthesis by the CDP-ethanolamine Kennedy pathway. This is the first study to directly link deregulated membrane phospholipid homeostasis with mammalian cardiac dysfunction. This study emphasizes different consequences of reduced membrane PE synthesis on fatty acid metabolism and steroidogenesis, leading to cardiac dysfunction in Pcyt2-deficient males and providing protection in Pcyt2-deficient females.
Our findings are consistent with reduced PE synthesis in the Drosophila Kennedy pathway, in which mutants accumulate TAG and experience cardiac dysfunction (15) . Pcyt2 ϩ/Ϫ male mice have elevated TAG levels and significantly increased left ventricular systolic and diastolic diameters along with decreased fractional shortening (FS) and ejection fraction (EF). These alterations occur along with profound hypertension, including significantly increased systemic and left ventricular blood pressure. Interestingly, the cardiovascular pathology was detected only in Pcyt2 ϩ/Ϫ males and not females. Despite reduced PE synthesis, Pcyt2 ϩ/Ϫ females did not have modified membrane phospholipids, had unimpaired EF and FS, and were protected from cardiac dysfunction.
Reduced substrate supply to the insulin-resistant Pcyt2 ؉/؊ heart is gender independent. Normal cardiac function depends on FA metabolism and, to a lesser degree, on glucose metabolism as an energy source (3, 25, 26) . In contrast, the hypertrophied heart requires alternative energy sources and tends to rely more on glucose metabolism (25, (27) (28) (29) . Both male and female Pcyt2 ϩ/Ϫ hearts have impaired PI3K/pAkt1/Glut4 signaling and glucose uptake; however, cardiac hypertrophy is present only in males. Myocardial FA uptake is mediated predominantly by the Cd36 membrane transporter (30) . Cd36-null mice develop cardiac conduction abnormalities, altered membrane phospholipids, and impairments in calcium homeostasis (31) . Moreover, CD36 deficiency in humans is linked to hypertrophic cardiomyopathy (32) .
However, both Pcyt2 ϩ/Ϫ males and females have reduced cardiac FA uptake and Cd36 protein levels that cannot be responsible for the male-specific hypertrophy. Both Pcyt2 ϩ/Ϫ male and female hearts have elevated levels of the lactate/glutamate transporter gene Mct1, probably to compensate for the reduced glucose uptake. As a compensation for the reduced FA uptake, the Scd1 expression level in female but not male Pcyt2 ϩ/Ϫ mice was highly elevated to increase the intracellular amount of fatty acids. Altogether, we conclude that under the underlying conditions of heart insulin resistance and similarly reduced glucose and fatty acid uptake in Pcyt2 ϩ/Ϫ mice of both genders, a different mechanism is responsible for male-specific cardiac dysfunction.
Specific remodeling of Pcyt2 ؉/؊ male heart phospholipids. The ratio and composition of the bilayer phospholipids are vital for membrane integrity and function, and a number of animal and human studies have established that the membrane phospholipid compositions in males and females differ (33) (34) (35) (36) (37) . Because deletion of the Pcyt2 gene specifically modifies membrane PE (9, 11), we expected that membrane phospholipid remodeling could be the main initiator of male-specific cardiac dysfunction. Indeed, the lipidomics analysis established a strong sexual dimorphism in cardiac n-6 PUFA and a decreased PC/PE ratio in the Pcyt2 ϩ/Ϫ male heart, reflecting differential phospholipid remodeling in male and female Pcyt2-deficient hearts. Arachidonic acid (20: 4n-6) and longer n-6 PUFAs are produced from linoleic acid (18: 2n-6) by sequential desaturation and elongation reactions. Pcyt2 ϩ/Ϫ female heart phospholipids have unmodified n-6 PUFA and elevated n-3 PUFA DHA (22:6n-3) levels, known to be cardioprotective (34, 36, 37) . The wild-type male heart is enriched in 18:2n-6 and has low 20:4n-6 levels. However, the Pcyt2 ϩ/Ϫ male heart became deficient in 18:2n-6 and enriched in 20:4n-6, showing that Pcyt2 deficiency stimulates n-6 PUFA elongation and desaturation in these animals.
It is well established that estrogen stimulates, whereas testosterone inhibits, the conversion of PUFAs into their longer-chain metabolites (36) . Since Pcyt2 ϩ/Ϫ males have reduced testosterone levels, this may be an additional contributing factor in the release of the inhibition of 18:2n-6 conversion to 20:4n-6 and accumulation of n-6 PUFA in the Pcyt2 ϩ/Ϫ male heart. Androgen deficiency has been widely accepted to have a negative effect on metabolic diseases and promotes heart disese (38) . Benefits of testosterone supplementation were evident in heart failure patients, in patients with metabolic syndrome, and with performance enhancement in athletes (39) . Testosterone deficiency is a marker for early death in men (40, 41) , and as shown in this study, it could be an important factor in male-specific cardiovascular disease.
Gender-dependent phospholipid remodeling is critical for the Pcyt2 ؉/؊ heart phenotype. Our proposed model for the malespecific heart phenotype in insulin-resistant Pcyt2 ϩ/Ϫ mice is shown in Fig. 10 . Pcyt2 gene deletion primarily alters cardiac phospholipid homeostasis and remodeling. We establish a strong sex- ual dimorphism in heart phospholipid and fatty acid contents. Pcyt2 deficiency specifically alters heart phospholipids by reducing the PC/PE ratio and increasing n-6 PUFA levels in the male heart. The increased levels of arachidonic acid and other n-6 PUFAs instigate oxidative stress in the Pcyt2 ϩ/Ϫ male heart and aorta, leading to the development of male-specific cardiac pathology. Dysregulated steroid homeostasis and low testosterone levels in Pcyt2 ϩ/Ϫ males contribute to phospholipid remodeling and cardiac dysfunction. Conversely, unmodified membrane n-6 PUFA and increased n-3 PUFA levels protect the female Pcyt2 ϩ/Ϫ heart and vasculature from oxidative stress, hypertension, and cardiac remodeling.
Male and female Pcyt2 ϩ/Ϫ hearts are insulin resistant and exhibit similarly reduced fatty acid and glucose transport, and these defects cannot be considered a source of male-specific hypertrophy. Interestingly, Mct1 expression levels are increased in both male and female Pcyt2 ϩ/Ϫ hearts, probably to increase the transport of alternative substrates (lactic acid and glutamine) to compensate for a reduced glucose supply. Although females experience reduced substrate uptake as much as males, the female Pcyt2 ϩ/Ϫ heart has more TAG available and utilizes TAG more efficiently. The female Pcyt2 ϩ/Ϫ heart also has elevated expression levels of Scd1 to contribute additional oleic acid (18:1) for TAG and ␤-oxidation, rendering the female Pcyt2 ϩ/Ϫ heart less sensitive to insulin resistance than the male Pcyt2 ϩ/Ϫ heart (Fig. 10 ).
Finally, due to the lack of previous research on Pcyt2, we examined gene expression profiles in the GEO database (http://www .ncbi.nlm.nih.gov/geoprofiles/) to search for any relationship between heart function and Pcyt2. We found that in most heartrelated diseases in humans and in animal models, Pcyt2 expression is downregulated. Examples include human heart failure (GEO database accession number GDS651), human dilated cardiomyopathy (accession number GDS2205), murine heart failure (accession number GDS3386), rat diabetic heart (accession number GPL341), rat heart failure (accession number GDS1959), rat cardiac aging (accession number GPL85), human isoproterenol-or exercise-induced cardiac hypertrophy (accession number GDS3596), murine hypertension (accession number GPL9734), and rat hypertension (accession number GPL85). We conclude that Pcyt2 is a new and important regulator of heart phospholipid homeostasis, and if functionally impaired, it may have serious consequences, particularly for male heart function under conditions of insulin resistance and obesity. Pcyt2-deficient mice are the first mammalian model to directly establish a firm relationship between gender-specific remodeling of phospholipid essential fatty acids and the development of heart disease, also providing an explanation for why females are protected with their blood pressure and cardiac function preserved in a similar diabetic state.
FIG 10
Proposed mechanism for the male-specific heart phenotype in insulin-resistant Pcyt2 ϩ/Ϫ mice. Both male and female Pcyt2 ϩ/Ϫ hearts exhibit similarly reduced fatty acid and glucose uptake and insulin resistance. The Pcyt2 gene deficiency directly alters membrane phospholipid homeostasis and side-chain fatty acid remodeling. There is a strong sexual dimorphism in the heart n-6 PUFA elongation/desaturation pathway. Pcyt2 deficiency specifically increases the conversion of linoleic acid (18:2n-6) to arachidonic acid (20: 4n-6) in Pcyt2 ϩ/Ϫ male heart. This instigates oxidative stress in the heart and vasculature and elevates the AceI expression level in the Pcyt2 ϩ/Ϫ male heart, leading to the development of hypertension and cardiac hypertrophy. Low testosterone levels in Pcyt2 ϩ/Ϫ males are the result of deregulated steroidogenesis and possibly add to cardiovascular dysfunction. On the contrary, Pcyt2 ϩ/Ϫ females are protected from heart disease. Unmodified membrane phospholipids and n-6 PUFA and elevated n-3 PUFA levels protect female Pcyt2 ϩ/Ϫ heart and vasculature from oxidative stress, cardiac dysfunction, and hypertension. Although females experience reduced substrate uptake as much as the male Pcyt2 ϩ/Ϫ heart, the female Pcyt2 ϩ/Ϫ heart has more TAG, utilizes TAG more efficiently, and stimulates the expression of Scd1 for oleic acid synthesis and Mct1 for lactic and glutamic acid transport to compensate for the lack of exogenous substrates.
